ETV differs from the other nucleoside/tide reverse transcriptase inhibitors approved for HBV therapy, lamivudine (LVD) and adefovir (ADV), in several ways: ETV is >100-fold more potent against HBV in culture and, at concentrations below 1 M, displays no significant activity against human immunodeficiency virus (HIV). Additionally, while LVD and ADV are obligate DNA chain terminators, ETV halts HBV DNA elongation after incorporating a few additional bases. Three-dimensional homology models of the catalytic center of the HBV reverse transcriptase (RT)-DNA-deoxynucleoside triphosphate (dNTP) complex, based on the HIV RT-DNA structure, were used with in vitro enzyme kinetic studies to examine the mechanism of action of ETV against HBV RT. A novel hydrophobic pocket in the rear of the RT dNTP binding site that accommodates the exocyclic alkene moiety of ETV was predicted, establishing a basis for the superior potency observed experimentally. HBV DNA chain termination by ETV was accomplished through disfavored energy requirements as well as steric constraints during subsequent nucleotide addition. Validation of the model was accomplished through modeling of LVD resistance substitutions, which caused an eightfold decrease in ETV susceptibility and were predicted to reduce, but not eliminate, the ETV-binding pocket, in agreement with experimental observations. ADV resistance changes did not affect the ETV docking model, also agreeing with experimental results. Overall, these studies explain the potency, mechanism, and cross-resistance profile of ETV against HBV and account for the successful treatment of naive and LVD-or ADV-experienced chronic HBV patients.
More than 350 million people worldwide are chronically infected with hepatitis B virus (HBV), and a significant proportion of them will ultimately develop severe liver disease, including cirrhosis, hepatocellular carcinoma, and other severe complications (42) . Entecavir (ETV; formerly called BMS-200475), lamivudine (LVD or 3TC; ␤-L-2Ј,3Ј-dideoxy-3Ј-thiacytidine), adefovir-dipivoxil prodrug [ADV or PMEA; 9-(2-phosphonylmethoxyethyl) adenine], and most recently, telbivudine (LdT) are oral HBV nucleoside/ tide reverse transcriptase inhibitors (NRTIs) approved for the treatment of chronic HBV infection. Upon entry into the cell, all of these inhibitors require subsequent phosphorylation by cellular enzymes to generate their active moieties. The combination of intrinsic potency, exposure level, efficiency of intracellular phosphorylation, and genetic barriers to resistance all contribute to the initial and long-term efficacy of these molecules.
NRTIs inhibit the only known enzymatic target of HBV, the viral polymerase (Pol), which is characterized by several unique biological features (reviewed in reference 39). The mRNA encoding Pol serves as the template for synthesis of genomic virion DNA through reverse transcriptase (RT) activity. The RNA template is the mRNA that is translated to produce the Pol protein. The primer for Pol DNA synthesis is a hydroxyl group of a tyrosine residue near the amino terminus of Pol, resulting in covalent attachment of Pol to the progeny genome it produces. This priming is also unique in that the first three or four bases are template directed, using a stem-loop structure within the mRNA encoding Pol. The resulting primer subsequently translocates to another portion of the genome to initiate full-length first-strand DNA synthesis. Associated RNase H activity degrades the template RNA to a terminal segment of ϳ20 nucleotides, which itself is translocated to another region of homology to serve as the primer for secondstrand DNA synthesis. The entire polymerase activity occurs within a cytoplasmic nucleocapsid particle assembled from HBV core protein, into which Pol directs the inclusion of itself and its template. The final product is a partially singlestranded, partially double-stranded gapped DNA which is released in mature virions and repaired after translocation to the nuclei of newly infected cells.
ETV triphosphate (ETV-TP) displays activity against all three synthetic activities of the HBV polymerase, i.e., the unique protein-linked priming activity, RNA-directed firststrand DNA synthesis or reverse transcription, and secondstrand DNA-directed DNA synthesis (40) . In addition, ETV displays higher intrinsic potency than other NRTIs in cell culture (25, 34, 50) , enzymatically in vitro (40) , and in clinical studies (11, 26) . The low therapeutic dosage of ETV (0.5 to 1.0 mg) is primarily due to the intrinsic potency of ETV-TP against HBV RT as well as the efficiency of intracellular conversion to ETV-TP (28, 53) .
While LVD, ADV, and most of the other NRTIs in development for HBV therapy are obligate terminators of DNA chain elongation because they lack a 3Ј-hydroxyl group required for nucleotide addition, ETV is a de facto or pseudoterminator, halting elongation after the incorporation of a few nucleotides, presumably due to the 3Ј-hydroxyl moiety of its cyclopentyl group (40) . This is not an entirely unique property for antivirals, as the nucleoside analog penciclovir, used for treatment of herpesvirus disease, is also a de facto chain terminator.
Replacement of the methionine within the active site YMDD motif of the HBV RT with a valine or isoleucine (M204V/I) renders HBV highly resistant to LVD (LVDr) and other NRTIs containing a ␤-L-configured ribose isostere, such as emtricitabine (FTC), LdT, and clevudine (16, 27, 45, 46, 54) . However, the presence of the LVDr substitutions M204I/V and L180M reduces viral susceptibility to ETV, a D-configured enantiomer, by a factor of eight. In contrast, HBVs with substitutions shown to encode resistance to ADV (ADVr) at RT residue position 181 or 236 retain full susceptibility to LVD and ETV (3, 23, 29, 50) . Whereas single substitutions can lead to resistance to LVD and ADV, virologic rebounds due to ETVr require at least three substitutions, and ETVr variants remain susceptible to ADV (45) .
Molecular modeling studies have been used to elucidate several features of human immunodeficiency virus (HIV) and HBV RTs, including the mechanisms of resistance (5, 14, 16, 24, 37) . In an attempt to understand the interaction of ETV with HBV at the molecular level, we modeled ETV-TP in the catalytic site of the HBV RT as well as in elongating HBV DNA. In parallel, we performed studies of the activities of various HBV NRTIs and their corresponding triphosphates against HBV in culture and HBV RT in vitro. We also included HBV RT with substitutions creating resistance to other NRTIs in our analysis to experimentally validate modeling predictions. Our results reveal insights into the unique potency, mechanism, and cross-resistance properties of ETV.
MATERIALS AND METHODS

Antiviral compounds.
ETV was prepared at Bristol-Myers Squibb (BMS). The triphosphates of ETV and LdT were prepared by TriLink Biotechnologies, Inc. (San Diego, CA), ADV, LVD, LdT, tenofovir (TFV), and LVD-TP were purchased from Moravek Biochemicals (Brea, CA), and the diphosphate of ADV was prepared at BMS.
Cells and viruses. HepG2 human hepatoma cells, maintained in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine, were cultured on type I collagen-coated plastic surfaces (BD Biosciences, Bedford, MA). The laboratory clone of HBV was a genotype D ayw serotype clone kindly provided by Steven Goff in the plasmid pCMV-HBV (18) . The plasmids containing the LVDr L180M-plus-M204V and M204I substitutions were engineered into the wild-type clone by site-directed mutagenesis. The L180M-plus-M204I-substituted plasmid was obtained from a clinical isolate.
HBV cell culture susceptibility. Cell culture susceptibility assays were performed by transfection of HepG2 human hepatoma cells with HBV phenotyping plasmids in the presence of a titration of antiviral agents. The level of replicated, released HBV virions was measured on day 5 through immunocapture of detergent-released nucleocapsids with anti-HBV core antibody and quantification of encapsidated HBV DNA (45) . Data were plotted as percent inhibition and 50% effective concentration (EC 50 ) values, calculated as the drug concentration where 50% inhibition of extracellular HBV occurred.
In vitro HBV polymerase assay. Intracellular HBV nucleocapsids were isolated from HBV-transfected HepG2 cells and used in endogenous polymerase assays (45) . The deoxynucleoside triphosphate (dNTP) K m values were determined from similar assays where the concentration of dNTPs was serially diluted from 1,000 nM to 0.3 nM. All other dNTPs were used at a fixed concentration equal to the highest test dNTP concentration, with 1/10 of the TTP in the form of [␣- 33 P]TTP (3,000 Ci/mmol; Perkin-Elmer, Boston, MA). The K m values were obtained from Lineweaver-Burk plots of the data generated by GraphPad Prism software, version 3.0 (San Diego, CA). The K i values were calculated using the Cheng-Prusoff equation, as follows: (12) , where IC 50 is the 50% inhibitory concentration and S is the substrate. The enzyme concentration within HBV nucleocapsid preparations was found by determining the level of covalently linked HBV DNA, using quantitative real-time PCR (28) , and converting it to genome equivalents (1 pg double-stranded HBV DNA ϭ 3 ϫ 10 5 genome equivalents [22] ). The primers were positioned near the 5Ј end of the minus-strand DNA in an attempt to measure all enzymatically active molecules.
Homology models of HBV RT-DNA complex. A homology model of the wildtype HBV RT-DNA-dGTP complex was developed using the Protein Design Module in Quanta (Quanta Modeling Environment, release 2000; Accelrys Software Inc., San Diego, CA), based on the sequence alignment between HBV RT and HIV RT (16) and the HIV RT-DNA X-ray structure (Protein Data Bank accession no. 1RTD.pdb) (24) . Additional HBV RT homology models were constructed with the LVDr (L180M plus M204V) and ADVr (A181T/V and N236T) substitutions. Using the DNA from the 1RTD.pdb structure as the template, different models of the DNA were constructed Modeling studies were conducted with Quanta (Quanta Modeling Environment, release 2000; Accelrys Software Inc., San Diego, CA) and CHARMM (8) running on a Silicon Graphics computer. The modeling figures presented were produced using DS ViewerPro 6.0 (Accelrys Software Inc., San Diego, CA). The CHARMM parameters (32) were used for all calculations carried out within the Quanta program, while the CHARMM22 (30) and CHARMM27 parameters (19) were used for the MD simulations. Switching functions were used in both energy minimization and MD simulations for the nonbonded, van der Waals, and electrostatic interactions between 8 Å and 10 Å, with a 12-Å cutoff (33, 47) . The GBORN module (17) within CHARMM was used to calculate the Generalized Born salvation energy and forces. The Verlet algorithm (49) was used to calculate the classical equations of motion for the atoms, and the X-H bonds were fixed using the SHAKE algorithm (36) during MD. The following restraints were applied during all calculations: all residues with one or more atoms within 13 Å of the dGTP bound in the dNTP site were not constrained, the residues within the 13-Å to 20-Å zone from dGTP were positionally constrained with a 5-kcal harmonic tether, and all residues outside the 20-Å zone were tethered with a 50-kcal harmonic constraint. Each system was minimized with 200 steps of steepest descents followed by 500 steps of adopted-basis Newton Raphson minimization. The following MD protocol was applied to each system. In a 1.5-ps heating phase, the temperature was raised to 300 K in steps of 10 K over 0.05-ps blocks. The MD velocities were reassigned after every step, based on the Gaussian approximation, to the Maxwell Boltzmann distribution. This was followed by an equilibration phase in which the velocities were allowed to rescale over the next 18.5 ps in steps of 0.25 ps to stabilize the system within a window of 300 Ϯ 5 K. The production phase continued for another 2 ns, where the velocities were allowed to rescale every 0.5 ps to keep the system within a window of 300 Ϯ 10 K.
RESULTS
The four NRTIs approved for the treatment of chronic HBV, namely, LVD, ADV, LdT, and ETV, are shown in Fig.  1A . These represent the following three structural classes with respect to the ribose isostere: L-ribose-configured nucleosides, represented by LVD and LdT; acyclic or alkyl chain isosteres administered as prodrugs of phosphonates, represented by ADV; and a novel cyclopentyl isostere, represented by ETV. Other agents that are under investigation fall into the former two categories, FTC and clevudine have an L-conformation sugar, similar to LVD and LdT (41) , and TFV and other investigational agents (4) fall into the same acyclic phosphonate category as ADV. ETV is unique in having a D-configured cyclopentyl ribose isostere. All of these NRTIs must undergo intracellular conversion to the mono-, di-, and finally, active triphosphates through the action of cellular kinases or, in the Relative potency. Coupled with its novel structure, ETV displayed a unique potency in HBV cell culture replication and in vitro RT enzyme assays with respect to the other HBV NRTIs (Table 1 ). The ETV EC 50 of a laboratory HBV isolate (18) in cell culture was 5.3 nM, making the drug 281-to 1,689-fold more potent than the other NRTIs. In an in vitro RT enzyme assay using isolated HBV nucleocapsid cores, ETV-TP displayed an IC 50 of 0.5 nM, making it Ͼ12-to 486-fold more potent than the other analogs tested. These values are consistent with the results for recombinant HBV nucleocapsids isolated from insect cells, serum-derived virions from woodchuck hepatitis virus-infected woodchucks, and duck HBV RT expressed in reticulocyte lysates (40) . The potencies of NRTI triphosphates in enzyme assays can differ widely from the potencies in cell culture because the efficiency of intracellular conversion to the triphosphate plays an important role in cell culture assays. However, owing to the highly efficient conversion of ETV to ETV-TP in cells (28, 53) , ETV showed superior potency in both the enzyme and culture assays ( Table 1 ). The potency measurements were confirmed in kinetic assays, where the HBV RT inhibition constant (K i ) was lower than those of LVD-TP and ADV-DP. Inclusion of the relative affinity of HBV Pol for the corresponding natural dNTP is expressed in the K i /K m ratio (Table 1 ). This comparison suggested that ETV-TP would compete most efficiently for the natural triphosphate in the HBV binding site.
Molecular modeling.
To learn more about the interaction of ETV with HBV RT that results in its greater intrinsic potency, a three-dimensional homology model of HBV RT was developed based on the HIV RT-DNA crystal structure (1RTD.pdb). The most conserved domains based on the sequence alignment between HIV and HBV RTs (16) and the HIV RT-DNA X-ray structure (24) were used to build the HBV RT model. In this study, we focused our attention on the highly conserved regions surrounding the dNTP binding site. In the HBV RT-ETV-TP model, there are a number of hydrogen bonds that stabilize the complex (Fig. 1B) . The ␥-phosphate forms hydrogen bonds with the side chain and backbone amide NH of S85, the ␤-phosphate hydrogen bonds with the backbone amide NH groups of A86 and A87, and the ␣-phosphate hydrogen bonds with R41. Arginine 41 also hydrogen bonds with N3 of the guanine moiety, while the backbone amide NH of F88 hydrogen bonds with the 3Ј-hydroxyl group of the cyclopentyl isostere. The side chain conformation of S85 is further stabilized by a hydrogen bond to N236. The hydrogen-bonding network for the NRTI triphosphate moiety is conserved in all of our models for NRTIs, but only the natural nucleotides/sides and ETV-TP form the hydrogen bond between the F88 amide NH backbone and the 3Ј-hydroxyl moiety. Difference (fold) from ETV IC 50 elucidated in other HBV RT models, a small hydrophobic pocket formed at the rear of the dNTP binding site is found in the homology model of the HBV RT. The HBV RT residues that form this pocket are A87, F88, P177, L180, and M204, along with the nucleotide at the 3Ј end (ϩ1 position) of the primer DNA strand. These residues overlap but differ somewhat from those proposed by Chong et al. (14) . The exocyclic double bond of ETV occupies this small pocket, forms a -electron to d-orbital or donor atom-interaction (31, 35, 44) with M204, and is proximal to the para position of F88. The ␤-L-oxathiolane ring of LVD also occupies this pocket, where the sulfur atom of the oxathiolane ring sits near the ␤-and ␥-methylenes of M204 when bound to the HBV RT. dGTP does not occupy this pocket, thus accounting for the higher observed affinity of ETV-TP for HBV RT than that of dGTP (Table 1) . LVD-TP actually exhibits an "induced fit" into this pocket, requiring some degree of distortion of the pocket to accommodate the larger ␤-Loxathiolane ring of LVD-TP. This result may partially explain the lower potencies of LVD and other L-nucleosides, such as LdT and FTC, than that of ETV. The absence of this small pocket in human polymerase beta (38) correlates with the relative inactivity of ETV against this enzyme (unpublished data). Modeling of ADV-DP into the HBV RT shows that it does not access this novel pocket. When natural dNTPs and ADV-DP are bound within the dNTP binding site, this pocket is large enough and is likely occupied by a single water molecule. The binding of ETV would displace this low-affinity water molecule from the hydrophobic pocket to increase the entropy of the system. The decrease in the enthalpy of binding obtained by filling this pocket and the increase in entropy obtained by releasing the proposed trapped water would provide a relationship for the greater potency observed for ETV than for other NRTIs and the preference for ETV-TP over dGTP. HBV DNA chain termination. Since ETV possesses a potential 3Ј-hydroxyl group, it was important to establish the effect of ETV incorporation on HBV DNA chain extension. The results of two different experiments revealed that ETV terminated HBV DNA extension and that ETV-terminated DNA was not a substrate for further elongation. First, the size of HBV DNA synthesized in cell culture was examined upon incorporation of either Figure 3A shows that the size of [ 3 H]thymidine-labeled full-length HBV DNA was primarily the size expected for complete minus strands, although upon longer exposures smaller DNAs indicative of incomplete minus-strand synthesis were observed. In contrast, the size of HBV DNA that incorporated ETV was markedly smaller than the [ 3 H]thymidine-labeled full-length HBV DNA. Second, HBV nucleocapsids that were produced in cells cultured in the presence of ETV were deficient in the ability to extend DNA chains in vitro (Fig. 3B) , whereas [ 3 H]thymidine-labeled capsids were proficient in elongation. These results suggest that HBV DNA with an ETV molecule on or near the 3Ј terminus is deficient in polymerase-mediated addition of nucleotides to the growing DNA.
While LVD and ADV are obligate chain terminators, lacking a 3Ј-hydroxyl group for nucleotide addition, ETV has a hydroxyl group for addition but displays de facto or pseudotermination after a short stretch of HBV DNA (Fig. 3) (40) . The binding of ETV-TP to HBV RT occurs in an acceptable position for addition to the end of the growing HBV DNA chain (Fig. 4A) , consistent with the results in Fig. 3A . Thus, the mechanism for chain termination by ETV likely involves incorporation and abortive extension of ETV-containing DNA. Modeling studies suggest that ETV chain termination can occur at several steps (Fig. 4) , including (i) initial docking into the dNTP binding site and addition of ETV onto the 3Ј end of the growing DNA, (ii) upon addition of a natural dNTP or ETV-TP to ETV in the ϩ1 position, and (iii) upon further addition of nucleotides when ETV is elongated to the ϩ2 position.
The base pairs on the growing end of the viral DNA in the HIV structure or HBV model assume an A-form conformation (24) . When ETV or LVD is bound in the dNTP binding site, the exocyclic double bond of ETV or the oxathiolane ring of LVD sits in the small pocket at the back of the dNTP binding site. If the base on the 3Ј end of the primer strand (ϩ1 posi- tion) is in the southern conformation (B form), a nonreactive conformation for dNTP addition, the pocket at the back of the dNTP binding site is slightly larger and more readily accommodates either ETV or LVD. When the base on the 3Ј end of the template strand is in the northern conformation (A form), the required reactive conformation for dNTP addition, the pocket at the back of the dNTP binding site is smaller and there is a slight steric hindrance between the ETV exocyclic double bond or the oxathiolane ring of LVD and the 2Ј-methylene of the deoxyribose ring of the DNA base in the ϩ1 position of the growing strand (Fig. 4A) . To relieve the steric hindrance, the 3Ј end of the DNA slightly distorts away from the wild-type conformation (ideal conformation for dNTP addition). This distortion away from an idealized reaction path may reduce the efficiency of addition, but the distance and angle of attack remain within the reactive geometry for the SN2 reaction to occur (7, 24) . Modeling ETV into the elongating HBV DNA at the ϩ1 position indicated that this steric congestion becomes more pronounced under these conditions. In the ϩ1 position, the exocyclic double bond of ETV clashes with M250, Y203, and the nucleotide in the ϩ2 position of the growing DNA chain (Fig. 4B) . When ETV is modeled in the ϩ2 position, it continues to encounter steric obstructions between the exocyclic double bond, L66, and the nucleotide in the ϩ3 position of the growing DNA chain (Fig. 4C) . To relieve the steric strain resulting from the incorporation of ETV, the DNA distorts and partially blocks the dNTP binding site, preventing its productive occupation by a new substrate, therefore resulting in chain termination.
LVDr changes modeled into HBV RT. LVDr is well characterized and arises through replacement of M204 within the YMDD motif of the HBV RT with isoleucine or valine, with or without the adaptive change L180M (2). The LVDr substitutions have previously been modeled into the HBV RT and proposed to result in steric hindrance of LVD-TP binding (16) . HBV with LVDr substitutions displayed several thousandfold resistance to LVD in cell culture and in vitro RT studies (13, 22, 27) . Figure 5 shows that LVDr HBV and LVDr RT display partial cross-resistance to ETV and ETV-TP, with approximately 8-fold and 58-fold reduced susceptibilities, respectively, consistent with previous studies (28) . Despite the partial crossresistance, ETV displayed greater potency against LVDr HBV than that of ADV or TFV. LVDr HBV having either M204I or M204V-plus-L180M substitutions also displayed very high levels of cross-resistance to LdT (45, 46, 54) .
As a means to rigorously validate our HBV molecular model, we modeled HBV RT containing LVDr substitutions L180M and M204V with ETV-TP (Fig. 6) . The M204 residue is part of the YMDD loop, which anchors the triphosphate of the dNTP via two Mg 2ϩ bridges between D205, D83, and the triphosphate moiety. Y203 of the YMDD loop also interacts with the 3Ј-terminal two bases of the growing DNA. In addition, both M204 and L180 form part of the pocket at the back of the dNTP binding site. The M204I or M204V substitution replaces the long flexible methionine side chain with a shorter branched side chain that results in partial filling of the small pocket at the back of the dNTP binding site that excludes the large oxathiolane moiety of LVD. This change also creates a small hole deeper within HBV RT which results in growth impairment. The compensatory L180M change partially fills the small pocket at the back of the dNTP binding site and eliminates the second hole in the protein formed by the M204 substitutions, thus restoring some efficiency to LVDr HBV RT. Figure 6 shows the changes in the pocket accessed by LVD and ETV in HBV RT as a result of LVDr changes L180M and M204V (red areas). The model predicts a steric clash between the LVDr HBV RT and LVD-TP. However, consistent with experimental results, ETV-TP can still bind the LVDr enzyme.
ADVr changes modeled into HBV RT. Recent studies have identified A181V/T and N236T substitutions as primary ADVr changes in HBV RT (3, 29, 50) . Substitutions at A181 have also been found after virologic breakthrough during LVD (55) and famciclovir (48) therapy. In cell culture studies, the N236T (50) and A181 substitutions did not impart cross-resistance to ETV (unpublished data). Furthermore, patients failing ADV therapy with either the A181 or N236 change have shown HBV DNA reductions after switching to ETV (20) . To further understand the impact that ADVr changes have on ETV susceptibility, a molecular model with ADVr changes was also constructed (Fig. 7) . The A181 residue is located near the M204 S-methyl moiety of the YMDD loop but points away from the dNTP binding site of HBV RT (Fig. 7A ). In the model, the A181V substitution results in a slight movement of the Smethyl moiety of M204 toward the minor groove edge of the nucleotide that is in the ϩ1 position of the growing DNA strand. This only marginally impacts the position of the ϩ1 nucleotide and, to a lesser extent, the YMDD loop. The N236 residue maps on the opposite end of the dNTP binding pocket, proximal to the gamma-phosphate of the dNTP. The N236 change has been proposed to reduce ADV-DP binding through a loss of hydrogen bonds and electrostatic interactions (52) . In our model, N236 hydrogen bonds with S85, which in turn hydrogen bonds with the gamma-phosphate of the dNTP or NRTI (Fig. 7B) . The N236T mutant loses the hydrogen bond to S85, which results in destabilization of the S85-togamma-phosphate interaction (52) . In agreement with experimental data, there appears to be a minimal loss in interactions of ETV-TP with HBV RT containing either the A181V/T or N236T substitution. The effects of the A181V/T or N236T substitution are subtle but appear to have the greatest effect on the secondary stabilizing interactions that organize the dNTP binding site. The ribose isosteres of the preorganized NRTIs and natural nucleotides with lower conformational degrees of freedom, including ETV, are only marginally affected by these changes (lock and key), while the NRTIs like ADV, with conformationally flexible sugar mimics, require the more preorganized wild-type dNTP binding site (induced fit). Therefore, our model is validated in that the reported lack of cross-resistance between ADV and ETV (9, 21, 50) can be predicted.
DISCUSSION
Since prolonged antiviral therapy can often result in the emergence of resistant virus variants, there remains a need for multiple antivirals with differing or complementary resistance patterns for effective therapy of naïve as well as treatmentexperienced patients. Specific antiviral therapy for HBV includes four approved agents, LVD, ADV, LdT, and ETV, as well as several others in various stages of development. Except for ETV, these agents can be described as having either an L-configured ribose isostere or a phosphonate acyclic alkyl chain ribose isostere. ETV is unique in that it contains a cyclopentyl ribose isostere with an exocyclic alkene replacing the furanose oxygen. As such, it is considered a D-configured sugar. ETV displays several other unique features, such as subnanomolar potency against HBV RT, efficient intracellular phosphorylation, inhibition of HBV priming and first-and secondstrand DNA synthesis, and nonobligate, de facto DNA chain termination. In addition, ETV has a cross-resistance profile that is unique relative to that of the L-configured nucleoside analogs or the acyclic phosphonates. While the presence of LVDr substitutions can reduce ETV susceptibility eightfold, IC 50 and EC 50 values remain in the nanomolar range and well within the intracellular concentrations achieved with the 1-mg once-a-day dosing of ETV. Lastly, ADVr HBV retains susceptibility to ETV.
To further explore the underlying nature of ETV inhibition of HBV, we used an approach that combined cell culture and cellfree enzyme assays with molecular modeling. ETV and ETV-TP displayed higher potencies in cell culture and enzyme assays than those of all other HBV antivirals currently approved or in development, suggesting a unique interaction with the HBV RT, which we explored further using molecular modeling.
A model examining the complex of HBV RT, DNA, and dNTP was developed using the homology between the HIV RT and the HBV RT, similar to those previously described that modeled LVDr changes (5, 14, 16) . The results of these ETV modeling studies were validated by enzyme analyses and suggest that the unique potency of ETV is the result of an optimal fit into a novel pocket in the rear of the dNTP binding site of HBV RT while retaining all of the key interactions of the natural nucleotide dGTP. LVD also accesses this pocket, although our model suggests that LVD must distort the pocket somewhat to achieve an "induced" fit, which may be responsible for its diminished potency relative to that of ETV. Our model confirms that LVDr substitutions result in a restriction of the pocket and a steric hindrance to binding of the oxathiolane group of LVD (16) . However, the ETV alkene group can still fit into the pocket formed when LVDr substitutions are present with minimal alterations, consistent with the retention of nanomolar potency of ETV versus LVDr HBV in vitro and its clinical efficacy in LVD-refractory HBV patients (10, 43, 56) . Previous investigators suggested that an antiviral with a smaller side group than the oxathiolane of LVD may retain activity against LVDr HBV (14, 16) . While the fit of ETV into this pocket appears to provide the activity against both wildtype and LVDr HBV that was predicted, the high potency that ETV achieves by accessing this pocket was unpredicted.
The unique pocket into which the ETV exocyclic alkene fits in HBV RT is altered in the HIV RT structure at two positions (HBV F88/HIV Y115 and HBV L180/HIV F160). In our model, the ETV exocyclic alkene binds proximal to the hydrophobic para position of HBV RT F88, which is hydrophilic in HIV RT and may partially account for the reduced affinity of ETV for HIV RT. The pocket is completely absent in the structure of human cellular polymerase beta (38) , likely explaining the paucity of activity against this enzyme. Studies using cellular polymerases alpha, beta, gamma, delta, and epsilon show weak or no recognition of ETV-TP (unpublished data), possibly due to an inability to accommodate ETV in the dNTP binding site.
Further validation of our HBV RT-ETV model was achieved after incorporating ADVr substitutions A181V/T and N236T. Modeling predicted that these ADVr changes should have minimal effects on the binding of HBV RT to ETV-TP. These results agree with the activity of ETV versus ADVr HBV in vitro (50) and also in patients (20) . Therefore, as a result of a novel binding mechanism, ETV displays a unique cross-resistance pattern and retains the greatest potency against wild-type, LVDr, and ADVr HBVs.
LVDr substitutions that affect the positioning of the YMDD loop of HBV RT directly affect the binding of both LVD and ETV. However, a change at residue M204 (and/or L180) only accounts for partial cross-resistance to ETV. Other substitutions in RT with LVDr changes could predictably further restrict the ETV pocket and prevent binding. Indeed, some patients with prior LVDr changes at L180 and M204 displayed virologic breakthrough on ETV after additional changes in the HBV RT at positions T184, S202, and/or M250 (45, 46) . These changes do not significantly affect ETV susceptibility in the absence of LVDr changes. Our initial modeling of these additional substitutions suggested that they indirectly affect ETV binding by acting in concert with the preexisting LVDr changes, further changing the position of the YMDD loop and the size of the pocket into which ETV fits (51) . However, models predicting resistance to ETV in the absence of LVDr changes involving M204 are much less plausible (unpublished data). These results are consistent with the finding that nucleoside-naïve patients treated with ETV revealed a high barrier to resistance, as reduced susceptibility to ETV was found only with at least three RT substitutions, encompassing a change at T184, S202, or M250 with the two LVDr changes M204V and L180M (15, 46) . ETV is unlike other NRTI antivirals that lack a 3Ј-OH and are obligate DNA chain terminators. Instead, ETV halts elongation after the addition of one or a few bases in HBV (Fig. 3) (40) or cellular polymerase genes (unpublished data). The mechanism for this chain termination was revealed by our modeling studies, which showed that incorporation of ETV into the growing DNA chain encountered a steric obstruction that progressively deteriorated the efficiency of dNTP addition with each growth step, leading to chain termination. The ultimate result, de facto or pseudo-chain termination, is similar to that for nucleoside analog inhibitors of HIV that are locked into particular conformations and terminate DNA elongation when they are unable to change conformation upon the transition from A-form to B-form DNA (6) .
In summary, the combination of in vitro experiments and molecular modeling provides the mechanistic foundations for the unique potency, cross-resistance pattern, and mechanism of inhibition of ETV against HBV.
